Exploration of protein structure by its solvent accessible surfaces has been widely exploited in structural biology. Amino acids most commonly targeted for covalent modification of the native folded protein are lysine and cysteine. Here we leveraged an ene-type chemistry targeting tyrosine residues to discriminate those solvent exposed from those buried. We find that 4-phenyl-3H-1,2,4triazole-3,5(4H)-dione (PTAD) can conjugate the phenolic group of tyrosine in a manner heavily influenced by the orientation of the residue with respect to the protein surface. We developed a strategy to investigate protein structure by analyzing PTAD conjugations with free tyrosine, peptides, and proteins. We found this conjugation-based approach robust, sensitive to shifts in protein structure, and adaptable to a wide range of analytic technologies, including fluorescence, chromatography, or mass spectrometry. These studies show how established tyrosine-specific bioconjugation chemistry can expand the toolkit for applications in structural biology.
ABSTRACT Exploration of protein structure by its solvent accessible surfaces has been widely exploited in structural biology. Amino acids most commonly targeted for covalent modification of the native folded protein are lysine and cysteine. Here we leveraged an ene-type chemistry targeting tyrosine residues to discriminate those solvent exposed from those buried. We find that 4-phenyl-3H-1,2,4triazole-3,5(4H)-dione (PTAD) can conjugate the phenolic group of tyrosine in a manner heavily influenced by the orientation of the residue with respect to the protein surface. We developed a strategy to investigate protein structure by analyzing PTAD conjugations with free tyrosine, peptides, and proteins. We found this conjugation-based approach robust, sensitive to shifts in protein structure, and adaptable to a wide range of analytic technologies, including fluorescence, chromatography, or mass spectrometry. These studies show how established tyrosine-specific bioconjugation chemistry can expand the toolkit for applications in structural biology.
INTRODUCTION
Protein structure is driven by the interactions of the 20 amino acids with solvent and other amino acids [1] . This basic property has been exploited for decades in the developing methods that can discriminate protein structures and conformational states. Experimental approaches that analyze or manipulate solvent accessibility in proteins employ recombinant protein engineering, solvent exchanges, substrate interaction kinetics, and enzyme modifications [2] . Covalent modifications of proteins have also been used to distinguish solvent exposed residues from buried. Strong covalent bonds can offer the advantage of preserving a footprint of the protein's native structure during analyses with technologies that may require denaturing or degrading the protein. The most commonly employed chemistries that offer site-selectivity are targeting lysine and cysteine residues [3] . Lysine residues are charged and most often found on protein surfaces. Lysine is also abundant, making up an average of 5.9% of protein amino acid sequences. Cysteine comprises 1.9% of protein amino acid content, readily forms covalent disulfide bonds, and rarely found on protein surfaces. By contrast, tyrosine comprises 3.2% of proteins, making it a balanced and sufficiently abundant target in native protein structures to potentially provide structural information without a need for recombinant engineering [4] . The amphipathic nature of its phenolic ring places tyrosine near the boundary to be categorized as hydrophobic or polar. Consequently, tyrosine residues are well-distributed in proteins between surfaces or buried in the hydrophobic core [4b, 5] . They are also enriched and frequently provide the strongest interactions at protein interfaces, also called hot spots, that bind small molecules, nucleic acids, or protein partners [5] [6] .
Options to target tyrosine for chemical conjugation have recently expanded through the development of strategies that employ electrophiles, such as aryl diazonium ions, Mannich reactions, and triazoledione compounds [7] . The Barbas group first established the usefulness and selectivity of an ene-like reaction between tyrosine and 4-phenyl-3H-1,2,4-triazole-3,5(4H)-dione (PTAD) [8] . This reaction was described as fast and selective, compatible with buffers suitable for proteins, and could proceed with a functionalized PTAD to be targeted by click chemistry [8a, 9] .
More recent reports have exploited PTADs to conjugate nucleic acids [9d] , fluorophores [8] [9] , glycans [9c] , and to crosslink protein hydrogels [9b] . Studies to date have largely focused on pursuing single-site specificity [9a] . Leveraging PTAD to map the relative tyrosine exposure on the surfaces of a protein has not been pursued.
If made a practical target for structure-based investigations, tyrosine residues open a range of new possibilities for focused studies. Among these are studies of low complexity proteins, which recently have received greatly increased attention [10] . Certain low complexity domains have the ability to drive formation of non-membrane bound cellular organelles, also known as granular bodies, through a process referred to as phase separation [11] . Among the most studied proteins with phase separation properties are those with tyrosine-rich domains of repeating GYG or SYS motifs and are also mostly devoid of lysine or cysteine [11e, 12] . Tyrosine-rich, low complexity proteins are typically intrinsically disordered or lacking in rigid secondary structure elements, but are often implicated in disorder-to-order transitions through protein-protein binding [13] . Protein disorder renders the most popular NMR and X-ray crystallography methods incapable of providing highresolution structure data and elevates the potential for a new method of structure analysis to reveal a wealth of otherwise unattainable information.
Here we characterize the products of PTAD conjugations to proteins and peptides. Approaches that modify PTAD reactivity toward proteins were evaluated, as was the utility of PTAD to distinguish relative solvent exposure of tyrosine residues across a protein surface. We reasoned that PTAD reactivity might discriminate the simple duality between buried residues and those at the surface. Our results are indicative of a more complex relationship between tyrosine conjugation and local structure, which may increase the potential for this approach to offer useful insights when more traditional structural biology techniques are limited. Tris-HCl was purchased from Goldbio (cat. # T-400-5). Urea was purchased from Invitrogen (Carlsbad, CA). Peptides and proteins were commercially available from Sigma-Aldrich:
METHODS
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angiotensin II (cat. # A9525), peptide mixture (cat. # H2016), and myoglobin (cat. # M1822).
Bovine serum albumin was purchased from VWR (cat. # 97062-508).
Tyrosine and peptide conjugation. Tyrosine stocks were dissolved in 1 M HCl and diluted into 1:1 water and acetonitrile for conjugation reactions. The PTAD-N3 pre-cursor was oxidized by briefly incubating with equimolar DBH until a color change to cranberry red was observed. These were combined, vortexed, and incubated at room temperature for 1 hour. For analysis by UPLC-MS, 20 µL of samples were injected to a LCMS-2020 (Shimadzu) with C18 column (Onyx monolithic C18, 50 x 2.0 mm). Samples were eluted over 4 minutes over a linear gradient of acetonitrile from 5% to 20% over the first 3 minutes. For peptide conjugations, angiotensin II (0.5 mM) or peptide mixtures (0.5 mg/mL) were incubated with 5 mM PTAD for 1 hour at room temperature. Peptides were analyzed by UPLC-MS using a Bruker AmaZon SL Ion Trap mass spectrometer (Bruker Daltonik GmbH, Germany) in-line with HPLC and ESI source with positive polarity. High resolution analysis of angiotensin II was performed using an LTQ Orbitrap Velos ETD mass-spectrometer (ThermoFisher Scientific, Bremen, Germany).
Protein conjugation.
Myoglobin was incubated at 10 µM concentration with 6.6 mM PTAD for 1 hour at room temperature. MALDI-TOF analysis was performed as described above except using a matrix of saturated sinapic acid (Fluka, cat. # 85429). Conjugation of bovine serum albumin for SEC was incubated with PTAD or PTAD-N3 for 1 hour at room temperature in buffer A (150 mM NaCl, 40 mM Tris-HCl). For DBCO-dye conjugations, PTAD-N3 and dyes were incubated together with proteins at a 10:1 molar ratio, respectively, for 1 hour at room temperature.
Fluorescence was imaged after SDS-PAGE using a Chemidoc MP system (Biorad).
RESULTS
Products made by PTAD reaction to tyrosine. PTAD can react with the phenolic ring of tyrosine. However, previous reports have noted additional products for PTAD reactions with amines, second additions to tyrosine phenols, and a short-lived conjugations to cysteine residues [9a, 14] . Additional products to PTAD chemistry do not necessarily detract from our goal of measuring changes in solvent accessibility for tyrosine residues, these must be accounted for to interpret data produced by several methods. We confirmed PTAD reactivity by analyzing the product of 3-(4hydroxyphenyl)propionic acid incubated with PTAD for 15 minutes (Figure 1A) . To fully react the tyrosine mimic, we added PTAD to the reaction four times and 15 minutes each. Spectra were consistent with previous reports for products of PTAD and the phenolic group of tyrosine or this mimic [9a, 9d] . of PTAD conjugated to the primary amine, NH (urea) . Also seen in this elution are the +1 source fragments (*) for tyrosine conjugated with one ortho-PTAD and one isocyanate, Y (2) + NH (urea) .
These products were observed unfragmented in the +3 charge state at an earlier elution (see Table   1 ). AU indicates arbitrary units for MS intensities.
We used ultra-performance liquid-chromatography mass spectrometry (UPLC-MS) to detect the products of PTAD reactions with titrating concentrations of tyrosine. For this reaction, reduced PTAD-azide (red·PTAD-N3) was activated using the oxidant 1,3-dibromo-5,5-methylhydantoin (DBH). A 1:1 molar ratio of PTAD to tyrosine yielded the most pronounced signal of PTAD reacted with the phenolic ring of tyrosine 1 (Figure 1B) . As the molar ratio for PTAD to tyrosine was increased to 5:1, 10:1, and 50:1, the signals for a single phenolic reaction was diminished until undetectable above noise, as the product pool became dominated with compounds of multiple and sequential conjugations ( Table 1 ). 
PTAD-azide / tyrosine
ND -not detected a 1+ ion also observed; * Source fragments detected
A double-reacted product of two PTADs on the phenolic ring, Y (2) , was observed at the 1:1 reaction ( Figure 1C) . The third product was found at the expected mass for a PTAD decomposed to an isocyanate, which can react with the primary amine of the tyrosine, NH (urea) [9a, 15] . The product of the isocyanate reaction with tyrosine was smaller than the sum of PTAD and tyrosine ( Figure   1C ). At 10 or 50-fold molar excess of PTAD over tyrosine, the diminished signals for simple Y (1) and Y (2) products were replaced by signals for high molecular weight products, such as those with the amine also conjugated, NH (urea) (Figure 1C , Table 1 ). Changes to relative product abundances was considered to indicate that an excess in PTAD could drive tyrosine to undergo multiple reactions until the largest product of combined phenol and amine conjugations, Y (2) +NH (urea) , was reached ( Table 1) .
PTAD reactivity with peptides. We proceeded to assess the products of reacting PTAD with the peptide, angiotensin II. Angiotensin II is an 8 amino acid long peptide, NH2-DRVYIHPF-COOH, that contains the N-terminal amino group, a single tyrosine, and two other ring sidechains, the imidazole group of histidine and the phenyl group of phenylalanine (Figure 2A ). For this reaction, we used PTAD and did not require the addition of the oxidant, DBH. Figure 1A ).
Next, we tested the selectivity of PTAD reactivity for a mixture of five peptides whose lengths varied from 2 to 8 amino acids and ranging in mass from 238 to 1046 Da. Each peptide varied the tyrosine position to be at the N-terminus, C-terminus, or internal. Most of the mass intensity for each peptide was shifted to indicate a single conjugated PTAD to tyrosine, Y (1) , as seen by UPLC- Figure 1E) . Intensities for the isocyanate side reaction with the amine, NH (urea) , were relatively small or non-existent, as were the intensities for the double addition of PTAD, Y (2) . This panel of peptides revealed no evidence of overt sequence dependence to PTAD reactivity and reiterated that the isocyanate reaction and double labeling of tyrosine could be mitigated through stoichiometry and an amine scavenger.
MS (Supplemental Figure 1B-D) or MALDI-TOF (Supplemental
Specificity of PTAD labeling of folded or unfolded myoglobin. We next explored whether PTAD could selectively label some or all available tyrosine residues for a small, well-folded protein, myoglobin. We chose cardiac myoglobin from Equus caballus. Inspection of the amino acid sequence and crystal structure (PDB: 4NS2) revealed the protein to contain only two tyrosine residues. One tyrosine was well solvent exposed (24% of surface area exposed) and the other buried (1% of surface area exposed). The side chain of lysine has a primary amine and myoglobin contains 20 lysine residues, ranging from 10% to 90% solvent exposed ( Figure 3A) . was found to shift the mass (m/z) in MALDI-TOF ( Figure 3B) . Distinct maxima could be discerned at the expected masses for one or two PTAD additions. Maxima in the profile were also observed at the expected masses for the addition of a single reacted amine product or that in combination with a PTAD addition. No maxima were distinguishable at the masses expected for two or more amine products or in combination with PTAD additions. These data suggested that despite myoglobin possessing more than 20 solvent exposed lysine residues, evidence of no more than one amine conjugation could be discerned.
We found that each tyrosine could be doubly conjugated to PTAD, Y (2) , when testing PTAD conjugation under acid-denaturing conditions (0.1% HCl). Both tyrosine residues were fully conjugated before the reaction could be quenched by acid or an addition of equimolar free tyrosine.
Analysis by MALDI-TOF revealed almost full conversion of myoglobin to have up to four conjugated PTAD molecules (Figure 3C) . Labeling myoglobin with PTAD-N3 conjugated to DBCO-Cy3 could also yield up to four Cy3 labels added to myoglobin (Supplemental Figure 2) .
In every myoglobin conjugation, evidence of no more than a single amine conjugate could be found. The observation of myoglobin with four PTAD additions indicated that doubly labeled myoglobin observed in MALDI-TOF ( Figure 3B ) could result from two PTAD additions to the most solvent exposed tyrosine, Y103.
PTAD labeling preserves protein folding. In order to determine whether tyrosine conjugation could serve as a reliable indicator of protein folding, we inquired whether the PTAD reactions might disrupt or destroy protein structure. We chose bovine serum albumin (BSA) for a model of a well-folded protein. BSA is a 607 amino acid protein (66 kDa) with 21 tyrosine residues that range from 1 to 41% solvent exposed as calculated for its solved structure (PDB: 3V03). BSA is also a highly soluble protein with 60 lysine residues, ranging from 5 to 91% solvent exposed.
We used size exclusion chromatography (SEC) to observe BSA unfolding under titrating concentrations of urea [16] . The midpoint urea concentration to unfold BSA was determined by observing the loss of secondary structure through circular dichroism (CD) spectroscopy, which was determined to be 4.6 ± 0.1 M urea (Figure 4A) . We observed BSA in its native state elute at the expected volume for a protein of its size, compared to molecular weight standards (Supplemental Figure 3A) . For concentrations of 4, 6, and 8 M urea, the peak for BSA elution during SEC shifted to earlier volumes and broadened, consistent with a structure that is more extended as it unfolds (Figure 4B) . Figure 5A, Supplemental Figure 4 ). Only single additions of PTAD to tyrosine side chains, Y (1) , were quantified, since no double additions, Y (2) , were found.
For native BSA conjugated with PTAD, L/U ratios were counted for the tyrosine-containing peptides, which included between 39 to 524 observations per replicate (N = 4, Figure 5B ). The L/U ratios for the tyrosine residues ranged from 0.05 to 1 in the labeled samples. PTAD labeling could be observed increased for residues having the highest solvent exposure, such as Y424 and Y475. Those residues with lower than expected labeling were also noted to be buried and relatively invisible from the protein's surface (Figure 5C ). Tyrosine residues with high L/U ratios were clearly visible on the surface of BSA. are shown with tyrosine residues represented as spheres. Tyrosine residues not detected or quantified are grey (see Supplemental Figure 3B ) and those shown in part (B) subsequently analyzed are colored to indicate whether they were labeled more than expected (red) or less (blue).
The same two views for BSA are shown with the solvent accessible surface and the location of those tyrosine residues visible at the surfaces are colored the same as above.
Some residues were rarely or never observed to be PTAD labeled, despite their high solvent accessibility. LC-MS/MS revealed post-translational modifications to tyrosine or other residues in the peptides quantified. Y286 was observed to be phosphorylated with the highest frequency (17% of peptides in 0 M urea), and this residue was never detected conjugated by PTAD (0/174 peptides from all conditions, Figure 5B ). The high L/U ratio for two other tyrosine residues, Y364 and Y424 (117/524 and 105/252 peptides in 0M urea), was consistent with their calculated solvent accessibility. These were also observed to be phosphorylated but at a much lower incidence (3.3 and 5.7 % of peptides in 0 M urea). Y520 was also rarely observed to be modified with PTAD (4/158 peptides among all conditions), but it was frequently observed that an adjacent threonine residue, T519, was phosphorylated (23.7 % of peptides in 0 M urea). Our solvent accessibility calculation was done for an unmodified BSA structure. We reasoned that phosphorylation of the tyrosine residue itself or a nearby serine or threonine residue may disrupt the local structure to allow PTAD less accessibility to the tyrosine residue than expected by structure analysis.
Local and global differences in structure changes PTAD conjugation. Closer inspection of L/U ratios, particularly for nearby tyrosine residues, could indicate that additional factors influenced PTAD access to conjugate tyrosine than simply solvent accessibility. These analyses were greatly simplified due to the high abundance of tyrosine residues, typical for mammalian proteins like BSA. For this reason, analyses of PTAD conjugations were most often of two or more tyrosine residues within the same peptide, minimizing potential bias in quantification that was not already controlled for by our experiment design.
For native BSA, the residues Y161 and Y163 were observed to have similar levels of PTAD labeling (respectively, 49 and 62 of 326 observations), despite a more than 2-fold difference in solvent accessibility (12 and 5%, respectively, Figure 6A ). In the structure of BSA, Y163 could be seen oriented such that its hydroxyl and ortho positions in the phenolic ring are accessible to solvent. In contrast, the 12% surface accessible for Y163 was the backbone and meta positions, while the hydroxyl and ortho positions lay buried in the protein. Y171 and Y173 have nearly the same solvent exposure (13 and 11%, respectively), yet Y171 was observed to be conjugated 50% more frequently (44/143 peptides) than Y173 (32/143 peptides, Figure 6B ). In the structure, both ortho positions of Y171 protrude to the protein surface. Only the meta and ortho positions at one side of Y173 are solvent exposed and the residue resides at the bottom of a narrow pocket in the protein, further limiting access for PTAD to penetrate and bind. A dramatic example of the effects of sidechain orientation to PTAD accessibility was Y179 and Y180. These two sidechains are tightly packed against each other in a narrow groove ( Figure   6C ). Y179 is more solvent exposed (18%) and Y180 is among the least solvent exposed in the protein (5%). Yet in the native structure, Y180 was the fourth most conjugated tyrosine detected (36/163 peptides observed) and Y179 was among the least conjugated (20/163 peptides observed).
One factor may be the high flexibility suggested by the relatively high B-factors, between 55 and 63 Å 2 for Y179 and Y180. In contrast, B-factors for Y161, Y163, Y171, and Y173 were all < 1 Å 2 . Second, the plane of the ring for Y179 lies at a shallow angle with the protein surface, making the angle of attack for PTAD toward the ortho position to be disadvantageous. The ring of Y180 lies nearly perpendicular to the protein surface with the ortho position near ideally exposed for PTAD to attack. Last, Y180 may have an advantage that the flexible sidechain of a lysine, K187, lay less than 6 Å from the ortho position, whose basic property may serve to drive the local pH more basic in order to activate the PTAD conjugation to Y180.
The tyrosine residues Y355, Y357, and Y364 were measured to have L/U ratios that closely correlated with their relative percent solvent exposure (L/U = 3/113, 15/101, and 117/407, respectively Figure 6D) . The small solvent exposure of Y355 was compounded by the occlusion of its ortho position and hydroxyl. Y357 and Y364 are located very near each other at the same surface, with Y364 slightly more protruding and Y357 slightly more buried between a rigid bundle of four a-helices. Consistent with their calculated solvent accessibility, Y424 and Y475 were the most solvent exposed tyrosine residues and the most frequently observed to be conjugated.
Lastly, we tested if abolishing the structure in BSA through the addition of urea might redistribute PTAD labeling more evenly across the tyrosine residues in the protein. We quantified the L/U ratios of the 13 residues we had analyzed and for BSA incubated in 4 M or 8 M urea (N = 4 for each treatment). By comparing the LOG2 of the fold change in L/U, we observed a subset of tyrosine residues whose labeling by PTAD was substantially altered by stepwise unfolding of BSA ( Figure 6F) . Residues Y171, Y173, Y364, and Y424 were not found to be substantially changed in their reactivity toward PTAD after unfolding BSA. Y163 was especially opened to more conjugation after unfolding. The least labeled residues in the folded protein, Y179 and Y353, saw increased conjugation. The large disparity of Y179 and Y180 conjugation was abolished once BSA was unfolded. Finally, Y475 enrichment for tyrosine labeling was lost in the unfolded protein.
Since lysine residues are charged and rarely found in the hydrophobic core of a protein, we measured the L/U ratios of the isocyanate produced from PTAD conjugating to lysine residues.
For these reaction conditions, NH (urea) additions could be observed for 16 different lysine residues in BSA (Supplemental Figure 5A-B) . Unlike tyrosine residues, high concentrations of urea did not change the L/U rations for this modification. We considered this indicated solvent exposure to be fairly uniform for amine groups of lysine residues and unfolding the protein did not dramatically improve the availability of lysine residues for conjugation.
Once the protein is unfolded, the abolishment of disparities in relative PTAD abundance highlights structure to be a significant driver of enrichment or occlusion of PTAD conjugation to tyrosine. Conversely, lysine residues are not expected to differ considerably in solvent exposure, and these were found to be labeled at similar levels for folded or unfolded protein. These findings reveal that relative levels of PTAD detected at tyrosine residues can be used to discriminate the transition of the protein from the unfolded to folded state, as well as to quantify local perturbations in structure.
DISCUSSION
In agreement with earlier reports, we found PTAD to be highly efficient for conjugating tyrosine residues in peptides and proteins. We observed evidence for three types of products: a single phenolic addition to tyrosine, a double addition, and an isocyanate reaction with an amine (Figure   1 ). The side products were abated under controlled conditions and did not interfere with the investigation of tyrosine accessibility in either well-folded or unfolded proteins. Surprisingly, minimal optimization of reaction conditions yielded an easily quantifiable range in PTAD signals that were detected for the most and least accessible residues. This suggests a robustness to this conjugation reaction that may bolster its potential for wider use in probing protein structurefunction relationships.
This study found a remarkable range in the level of PTAD labeling of tyrosine that could indicate distinctions in local tertiary structure of proteins (Figure 5B) . By comparison, unfolding BSA had little or no effect on conjugation of lysine residues, whose charged amines prevent this residue from becoming buried within the protein structure (Supplemental Figure 5) . This highlights the unique advantage that conjugation to tyrosine can offer to study protein structure.
We did not observe clear evidence to predict the influence of primary amino acid sequence to conjugation. Nevertheless, the fact that primary structure can change amino acid solvent accessibility is both known and can be important to interactions of intrinsically disordered proteins [17] . Structural influences on PTAD conjugation that were observed in this study included the orientation of tyrosine residues with respect to the protein surface. Consistent with the ene-like mechanism, the ortho and hydroxyl positions of the phenol directed toward the surface was observed to be advantageous (Figure 6A-B) .
Post-translational modifications, such as phosphorylation in the case of BSA, had the greatest impact on conjugation. The crystal structure available for BSA is not a phosphorylated form; thus, it is not possible to predict whether it is the phosphate itself or the changes caused to the local structure that most alters the ability of a residue to conjugate to PTAD. The percent phosphorylation of the native protein could be higher than measured because of known challenges to detecting unenriched phospho-peptides by LC-MS/MS. For one example, Y520, which lies in a highly flexible region of BSA, this residue might be expected to be more easily targeted than suggested by the crystal structure. However, phosphorylation of T519 would be likely to significantly disrupt the local structure, which can explain the divergence in measured and expected PTAD conjugation.
This study has highlighted the availability of multiple modalities to detect PTAD modifications. Site specific and quantitative analysis for PTAD conjugation can be provided by mass spectrometry approaches. Conjugating BSA with PTAD click modified with a fluorescent dye did not change the fold of the protein observable to SEC, which could encourage development of fluorescence detection as an alternative to MS to quantify protein structure changes.
Fluorescence can be a highly sensitive and quantitative method capable of reaching single molecule levels of detection [7a, 8a] . Moreover, the utility of click chemistry is a well-known platform to open new modalities, such as radiolabels, biotin, epitope or affinity tags, and chemical modifications that allow highly sensitive enzyme-linked assays or chromatography [18] .
In conclusion, we consider that comparative or quantitative analysis of protein structure by tyrosine conjugation is a feasible approach that has unique advantages apart from conjugations of other protein residues. The first reason is the relative common abundance of tyrosine in proteins.
Its amphipathic nature distributes those residues across the divide of the protein surface and hydrophobic core. Last, the functionality of the PTAD chemistry and strength of covalent conjugations to proteins investigated, allows for a large adaptability that can add robustness to this approach. In the future, application of this approach to whole cell proteomics and investigations of tyrosine-rich low complexity proteins should reveal how much this new window into protein biology can uncover.
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